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Abstract 
The aim of this paper is to compare two solar heating systems with different solid sorption storage concepts; an open storage 
concept with material transport and external reactor and a closed sorption storage concept with the material reservoir as reactor. 
Both storage concepts are part of system concepts that have been investigated during national projects for a period of more than 3 
years each. A TRNSYS model has been developed for each concept and the corresponding mathematical model is described. An 
emphasis is given on the model simplifications and thus its up- and downscaling possibilities. TRNSYS simulation studies were 
performed using similar boundary conditions. Hence the simulation results can be compared directly, thus the advantages and 
disadvantages of both concepts under investigation can be elaborated and assessed. 
TRNSYS simulations have been performed for each system concept using the properties of two different thermochemical storage 
materials (TCM). It is shown that the type of TCM has a significant influence on the systems fractional thermal energy savings. 
Using silica gel as TCM, both system concepts’ performances are only slightly better compared to a standard water-filled storage 
tank of the same size. The TCM zeolite 13 XBF, a binder free 13 X zeolite, leads to significantly better fractional thermal energy 
savings. Although the two systems under investigation behave differently, the fractional thermal energy savings are similar. High 
solar thermal fractions up to a complete solar coverage can be achieved for both storage concepts with moderate collector array 
and store sizes. 
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1. Introduction 
In literature zeolites have been described for decades as possible thermochemical storage materials (TCM) [1-5]. 
Up to now only a few different possible storage concepts for thermochemical energy stores (TCES) have been 
investigated in a demonstration plant [3, 6-12] although system concept configurations are widely published and 
discussed [13]. Due to different assumptions and boundary conditions (collector type, heat source/sink, open/closed 
storage concept) available results of TRNSYS simulations have not been comparable. In addition the TRNSYS 
models used to predict the TCES behavior are on different states of development and validation is often missing 
and/or mostly unpublished. 
Thus it is the aim of this paper to show and discuss two possible TCES concepts, the corresponding TRNSYS 
models, to define appropriate boundary conditions and to compare and assess the two TCES concepts directly using 
the fractional thermal energy savings (fsav,therm). 
2. Description of the storage concepts’ working principles 
The working principles of the closed storage concept and the open storage concept are described in this section. 
The closed storage concept has previously been investigated in the EU and Austrian projects HYDES [6] and 
MODESTORE [7]. The open storage concept has been developed and investigated in the German project CWS [5, 
8, 10-12]. 
2.1. Closed storage concept (‘MODESTORE’) 
A closed sorption heat store is in fact a kind of thermo-chemical heat pump which is operated under vacuum 
conditions. This allows water evaporation at a low temperature level and water vapor transport without the need of a 
pump or fan but just as a result of pressure differences. The hydraulic layout of the analyzed closed-cycle storage 
system consists of the following key components: 
 solar thermal collectors (e.g. evacuated tube collector), 
 sorption heat store with integrated heat exchangers for charging and discharging, 
 evaporator / condenser connected to a horizontal ground source heat exchanger or boreholes as low temperature 
heat source and heat sink, 
 separate storage tank to store liquid water that has been desorbed and condensed, 
 small domestic hot water store to be able to withdraw a sufficient thermal power during domestic hot water 
preparation. 
The solar thermal collectors can charge either the sorption heat store or the domestic hot water store or both in 
parallel. To fully charge the sorption store temperatures up to 200 °C are required. Therefore, at least highly 
efficient evacuated tube collectors are necessary. In case that there is not enough heat in the domestic hot water 
(DHW) store to cover the DHW load, the DHW store can be charged from the sorption store if there is enough 
sensible heat available. During winter operation, the space heating load is covered directly from the sorption heat 
store – either by using the sensible heat available in the store or by evaporating water from the separate storage tank 
using the heat supplied by the ground source heat exchanger and adsorbing the water vapor by the storage material 
until the desired flow temperature for space heating is reached. The upper part of the DHW store can be recharged 
once a day from the sorption store. A detailed description of the working principles can be found in [7]. 
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2.2. Open storage concept (‘CWS’) 
Many different open storage concepts for TCES are known [11]. In this paper the open storage concept ‘CWS’ 
[10] is used. The main components are the solar combistore, the solar collectors, the material reservoir, the reactor 
and a control system. From the hydraulic point of view, the connection between a classical solar combisystem and 
the thermo-chemical energy storage is simple. During periods of high solar irradiation (mainly in the summer) heat 
from the solar collectors is directly transferred to the combistore. When the energy provided by the solar collectors 
exceeds the heat demand for hot water preparation and space heating, the available solar energy is used for the 
endothermic dehydration reaction of the thermochemical storage material (regeneration mode). During periods of 
low solar irradiation when the energy from the solar collectors cannot cover the heat demand, the regenerated TCES 
is used as heat source. The heat of the exothermic hydration reaction is released by blowing humid room exhaust air 
through the reactor and the heat delivered by the TCES is charging the combistore (heating mode). Depending on 
the system dimension, the backup heater can even be removed completely. The open storage concept CWS is 
characterized by the following points: 
 Open adsorption/hydration system using ambient air or exhaust air to provide the humidity required for the 
exothermic reaction. 
 Thermochemical energy store works as low capacity heat supply system. 
 Connection of the thermochemical energy store to a typical combistore of a solar thermal system via the collector 
loop heat exchanger, TCES and collector loop can be operated simultaneously to charge the combistore. 
 Combistore operates as buffer store to cover DHW peaks load. 
 External reactor designed as cross-flow reactor with low pressure drop and structurally integrated heat 
exchangers. 
 Storage material transport through the reactor by gravity forces with continuous or quasi-continuous mass flow. 
 Bidirectional active storage material transport between storage material reservoirs and reactor using a vacuum 
blower. 
3. Description of the TCES-models 
In the following the two TRNSYS simulation models of the two thermo chemical energy storage system concepts 
are described and explained. 
3.1. Description of the MODESTORE closed storage concept reactor model (developed by AEE -INTEC) 
The sorption store has been modeled using three separate TRNSYS component models. The adsorber part is 
modeled using a simple energy and mass balance. The heat exchanger in the adsorber is modeled as an external heat 
exchanger (standard TRNSYS Type 5). In addition, a new heat exchanger model was written for the 
evaporator/condenser heat exchanger. The two new models are described in the following. 
3.1.1. Adsorber Model 
The adsorber or store respectively is modeled with a simple energy and mass balance and described using one 
single node and therefore constant temperature and water content. The change of the variable of state (water content 
of adsorber) is equal to the water vapor evaporated or condensed in that time step as depicted in Fig. 1a. The water 
vapor mass flow  is calculated from the transferred power at the evaporator/condenser heat exchanger as 
described by equation (1) 
  (1) 
where x is the water content of the adsorbent and mA the mass of dry adsorbent within the adsorber. 
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The change of the internal energy U is equal to all inputs and outputs to and from the adsorber, as depicted in Fig. 
1b and described in equation (2). 
 (2) 
where  is the heat flow for discharge, the heat flow of charging, for example from solar thermal 
collectors, the heat flow that leaves the adsorber with the desorbed water vapor (internal energy of the vapor), 
the heat flow that comes into the adsorber with the adsorbed water vapor (internal energy of vapor), the 
additional term that is used if the temperature of the water vapor entering the adsorber is not equal to the adsorber 
temperature, the heat flow of adsorption that is generated in the adsorber during adsorption and is consumed 
during desorption and are the heat losses from the sorption store to the ambient. 
            
Fig. 1: (a) Mass balance of adsorber; (b) Energy balance of adsorber 
From the internal energy UA, the temperature of the adsorber (TA) can be calculated according to equation (3) 
using the specific heat of the adsorbent cp,A  and of the heat transfer fluid cp,water: 
  (3) 
3.1.2. Evaporator / Condenser Model 
The evaporator / condenser heat exchanger is modeled with a logarithmic temperature difference model. On the 
primary side of the heat exchanger (Tin, Tout) there is a temperature change from inlet to outlet. On the secondary 
side evaporation or condensation takes place, therefore, the temperature on that side is assumed to stay constant 
(Tvap). The outlet temperature on the primary side of the heat exchanger can then be calculated using equation (4): 
  (4) 
with Tout as the outlet temperature on the primary side, Tin as the inlet temperature on the primary side, Tvap the 
temperature of water vapor on the secondary side,  the mass flow rate of condensed or evaporated water vapor 
and UA as heat transfer coefficient of the heat exchanger. The transferred power can be calculated using equation 
(5) which is then used as input to the adsorber model. 
  (5) 
3.1.3. Assumptions and limitations of the model 
The model is a semi-physical model with some parameters that have to be determined by means of parameter 
identification from measured data. These parameters are the UA-values for the heat exchangers (adsorber and 
evaporator / condenser) and the UA-value for the sensible heat losses from the sorption store to the ambient. 
Otherwise it is based on energy and mass balances and the physical properties of the sorption material and the fluids 
S
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used. The main assumption of the model is that it is a single node model, with no time dependency of adsorption and 
desorption processes. 
How accurate this assumption is depends strongly on the heat exchanger used in the reactor. The tested store 
contained a spiral heat exchanger consisting of copper sheets and cooper pipes soldered on them. The distance 
between the copper sheet layers was approximately 5 cm. Laboratory measurements have shown that the general 
assumptions of the model mentioned above are reasonable for this setup. Therefore, it is assumed that the store 
simulated for this study contains a heat exchanger with a similar setup to the one tested. 
Up and downscaling cannot be done easily because the UA-values of the heat exchangers and for the 
characterization of the heat losses have to be derived from measurements. For the simulations presented in this paper 
reasonable assumptions have been made. However, this is a major limitation of the model. 
3.1.4. Parameter Identification and Verification 
The model was verified with data from laboratory tests of a small prototype store using 200 kg of silica gel Grace 
127B as sorption material. The measured and calculated values fit reasonably well. It is assumed that zeolite 13 XBF 
behaves similarly in terms of heat transfer and reaction kinetics. This assumption seems reasonable because it is the 
same type of pelleted material with similar heat capacity and heat conduction characteristics. 
3.2. Description of the CWS open storage concept reactor model (developed by ITW) 
In order to model the thermal behavior of the sorption reactions of the open storage concept with external reactor, 
a reactor model has been developed by ITW. The reactor is described as a quasi-stationary two phase model with 
heat and mass balances. 
3.2.1. Assumptions of the reactor model: 
 By means of a continuous mass and air flow through the reactor, the processes are considered as quasi stationary. 
 The reaction enthalpy  is no function of the water load  of the zeolite. 
As the reaction inside the reactor reaches from complete hydrated (or dehydrated) to almost complete dehydrated 
(or hydrated)  , whereas  is the mean enthalpy of reaction 
determined by experiments. 
 The reaction yield is limited only by the sorption equilibrium of the material. With  as the water content of air 
and  as the reaction temperature (see also Fig 2), the following inequations are always fulfilled: 
 for the adsorption and    
 for the desorption   (6) 
 An ideal kinetic is assumed. The equilibrium is always achieved, either at the inlet or at the outlet of the reactor. 
Thus the respective inequations (6) are always fulfilled with equality. 
In literature a very fast reaction kinetic of the physical adsorption is reported [14]. 
 The sorption equilibrium is defined by a correlation equation (e.g. Langmuir) or by equilibrium data in tabular 
form. 
 The specific heat capacity of the solid and air is no function of the temperature or of the humidity in the reactor 
(cp,S  const., cp,G  const.) 
 Before the sorption starts an ideal heat exchange from the entering air to the exiting sorption material and from 
the exiting air to the entering sorption material is assumed. 
As the air flow rate ( ) is by the factor of 10, or more, higher than the flow rate of the solid sorption material 
( ) and the specific heat capacities of zeolite and air are rather similar, the heat capacity flow of gas is also 
higher by at least the factor of 10 compared to the heat capacity flow of zeolite. In addition the air is flowing 
through a bed of zeolite beads with a diameter of approximately 2 mm. From literature it is known that there is no 
significant temperature difference between the air temperature and the particle temperature for a flown through a 
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packed bed of this size. Thus considering the heat exchange from the solid phase to the gas phase as ideal is a 
simplification with almost no deviation to reality. 
3.2.2. Mathematical description of the reactor model 
The transport of heat and water in and out of the reactor is done by the air flow through the reactor. In Fig 2 the 
energy and material flows of the reactor model are depicted. The model used is a counter-flow model. The following 
equations are solved within the reactor model. The mass balance of water is calculated according to equation (7): 
  (7) 
With ,  as the dry mass flow rates of sorbent and air and ,  as the water 
contents of sorbent or air at the respective inlet (i) or outlet (o). Heat losses to ambient 
are calculated according to equation (8): 
 (8) 
With  as the heat transfer coefficient from the reactor to ambient using  and 
 as the respective temperatures for the determination of the temperature difference. 
The sorbent sorbet equilibrium from given isotherm data is defined by: 
, 
  (9) 
With  and  as the temperatures at the border of the reactor to the internal ideal 
heat exchanger (compare Fig: 2). The heat capacity flow of the solid (S) or air (G) is 
defined according to equation 10: 
  (10) 
The energy balance of the reactor can be summarized by equation 11: 
   
   
 (11) 
The temperatures  and  in equation 11 are yet unknown. Looking at the ideal internal gas solid heat 
exchanger (in Fig 2 “HX1” and “HX2”) the following equations have to be fulfilled: 
  (12) 
  (13) 
The unknown temperatures can be calculated according to the following equations: 
   (14) 
      with    (15) 
Fig 2: Energy and material 
flow of the numerical counter-
flow reactor model. 
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   (16) 
      with    (17) 
The energy and mass balance are then solved by using the water content of the humid air outlet  as 
independent variable. For a given air outlet water content  equations 7 and 11 are solved. By using a non-linear 
solver  is varied in such a way that the equilibrium defined by equation 9 is satisfied at least at one reactor 
boundary (inlet “1” and / or outlet “2” in Fig. 2).  
3.2.3. Verification of the reactor model 
To verify the developed TRNSYS reactor model, a test rig was built up. The test rig consists of a reactor with a 
volume of 24 l and a material reservoir with a volume of 100 l. Zeolite 4A beads were used as sorption material. By 
comparison of measured and simulated temperatures and transferred power of the air to water heat exchanger it was 
shown that the simulated results are in good agreement with the measured data [12]. For the study performed here it 
was assumed that silica gel and zeolite 13 XBF behaves similar in terms of heat transfer and reaction kinetics as 
zeolite 4A. This assumption seems reasonable because it is the same type of pelleted material with similar heat 
capacity and heat conduction characteristics. 
4. System simulations 
Simulation of the thermal behavior of combined solar domestic and hot water systems have been performed with 
TRNSYS for the described open and a closed storage concept using similar boundary conditions. Thus the two 
storage concepts can be directly compared in their thermal performance. In the first part of this chapter, the 
boundary conditions are described. In the second part, the thermal performance simulation results of the systems are 
shown and discussed. 
4.1. Boundary conditions 
All simulations were done for the location Zürich (Switzerland), using the weather data provided by IEA SHC 
Task 32. During this task, different houses have been created (respectively updated from the work of the former IEA 
SHC Task 26). For the simulations a building with a specific heat demand of 30 kWh/(m² a) was used. Further 
details related ot the building can be found in Hadorn [13]. The Task 26/32 [15] hot water draw-off profile was used 
with 200 l/d at a temperature of 45°C.  
As hot water store to cover the peak heat demand e.g. during hot water draw offs, two different types of stores 
have been used (see also chapter 2.1 and 2.2). The open storage concept uses a combistore with a total volume of 
900 l whereas the closed storage concept uses a DHW-store with a size of 400 l 
As thermochemical storage material silica gel (Grace 127B) and a binder free zeolite from Chemiewerke Bad 
Köstritz (13 XBF (CWK)) were used. The data characterizing the water vapor absorption behavior (isotherms) was 
obtained by [16] and [17-18]. These isotherms can be used to create the characteristic curve as done for the closed 
storage concept, or it can be directly fed in form of a data table to the model as done for the open storage concept 
model. 
The collector used for the simulations is an evacuated tube collector (ETC) of the company Ritter Energie- und 
Umwelttechnik GmbH & Co. KG (type Azzuro star). All simulations were performed with a collector tilt angle of 
45° and oriented south. For the open storage concept a constant collector set temperature as desorption temperature 
of 180 °C is required, to ensure always the same water content of the material leaving the reactor during summer 
operation. In the closed storage concept, the achieved collector and sorption storage temperature depends only on 
the size of the collector array. 
As low temperature heat source of the closed storage concept, it was assumed that in winter time a constant 
evaporation temperature for the adsorption process of 5 °C can be used. The maximum power for evaporation was 
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set to 5 kW. For the desorption process in summer time, a constant condensation temperature of 30 °C was assumed. 
The maximum power for condensation was set to 2.5 kW. The heating loads (respectively cooling loads) could be 
achieved for instance by using a borehole heat exchanger and the ground as heat source or heat sink respectively. 
For the closed storage concept, an important parameter is the quality of the thermal insulation of the sorption heat 
store. The reason is that in addition to the sorption process, the system uses the sensible heat stored in the sorption 
material. A very good insulation material was used for the simulations performed for this study. A UA-value of 
UA = 4.6 W/K (5 t TCM) and UA = 5.8 W/K (10 t TCM) respectively, which is close to the one of vacuum 
insulation panels were chosen. In contrast, the open storage concept does not make use of the sensible heat that is in 
principle available from the sorption material. No thermal insulation is used at the material reservoir of the open 
storage concept. 
As a reference, simulations have been performed for a standard solar combisystem with a typical combistore 
using water as storage medium as defined within IEA-SHC Task 32 (reference solar combisystem) [19]. The size of 
the water store was chosen in such a way that the storage volume was approximately equal to the sum of the volume 
of the sorption material and the additional water store being part of the entire sorption systems. 
In order to assess the simulation results of the different systems the fractional thermal energy savings (fsav,therm, 
see equation (18)) as defined according to Weiss et al. [20] are used, with the total heat demand of the building Qd, 
the heat supplied by the boiler  and the heat losses of the hot water store of the reference system Qloss,ref. For a 
single family house Qloss,ref is 644 kWh/a. 
  (18) 
4.2. Simulation results of the open and closed system 
In Fig 3, fsav,therm is plotted as a function of the collector area for three different storage materials (water, siliga gel 
(SG) and zeolite 13 XBF (13 XBF)) and two different storage sizes. For the open storage concept, a desorption 
temperature of Tdes = 110 °C was used for silica gel, and a desorption temperature of Tdes = 180 °C for zeolite 
13 XBF. The open storage concept simulation result is always one point. This is due to fact that the open storage 
concept is dimensioned in such a way, that the collector array is set to a size allowing for a complete regeneration of 
the storage material at a fixed desorption temperature during summer. At the same time stagnation of the system is 
minimized to zero. For a better comparison the closed storage concepts fsav,therm are shown at similar TCES 
dimensions, respectively the same collector area and amount of storage material. 
For the closed storage concept the simulations performed for silica gel show  slightly better results than for the 
water based system. However, the system with zeolite 13 XBF is significantly better and reaches fractional thermal 
energy savings close to 100% at moderate collector areas and store sizes. The water load range of zeolite 13 XBF is 
in the range of  8 to 12 % depending on the collector area (desorbed), up to  30 % (fully adsorbed). 
For the open storage concept the 
simulation results regarding silica gel are 
rather similar to the simulation results of 
the closed storage concept, thus similar to 
the water store systems. The simulation 
results of zeolite 13 XBF are for both 
storage concepts significantly better. 
Comparing the open and closed storage 
concept, the fractional thermal energy 
savings obtained are again, for the same 
amount of storage material, close to each 
other. The water load range of zeolite 
13 XBF starts at a water load of  4 % 
(desorbed) to a water load of  30 % 
(adsorbed at Tdes = 180 °C). 
Fig. 3. Fractional thermal energy savings as a function of the collector area for three 
different storage materials (zeolite 13XBF, silica gel Grace 127 B (SG) and water) and 
two different storage sizes each. All simulations were done for evacuated tube collectors 
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However, the fractional thermal energy savings of the open storage concept are for all investigated configurations 
approximately 4 %-points lower compared with the fractional thermal energy savings of the closed storage concept. 
This effect is due to two reasons. First, the sensible heat stored in the TCES cannot be used in the open system 
whereas the closed system is using the TCES material store as a chemical and a sensible heat store. Second, the 
uncertainties of the closed concept model are higher and more ideal. Thus it can be stated, that the results are in 
general similar within the uncertainty range of the results obtained by the TRNSYS simulations. 
5. Conclusion 
To show the main differences in operation and system behaviour the configurations using the TCM zeolite 
13 XBF are used. The different sorption behavior is shown in Fig 4. Plotted is the adsorbed material mass (adsorbed 
material reservoir, open storage concept, red line, left axis) over time and the water content within the sorption 
storage material of the closed systems (closed storage concept, blue line, right axis) over time respectively. 
 
Fig. 4. Mass inside the reservoir for adsorbed material of an open storage concept (red and left axis) in comparison with the water content of the 
storage material of a closed storage concept (blue and right axis). The TCES material is zeolite 13 XBF. 
The differences within the open and closed storage concept can be summarized by the following points: 
 In the CLOSED storage concept a big part of the desorption process is taking place already in the spring 
 In the OPEN storage concept desorption can only take place as soon as 180°C is reached by the solar collectors. 
This high temperature is already reached for several hours at the end of March. However the majority of the 
desorption process takes place in the summer months. This has the advantage that the collector array does not 
require a high tilt angle for high solar thermal fractions, as the store is charged mainly during summer time. This 
effect emphasizes the seasonal energy storage principle as the energy from summer is stored for winter. 
 The CLOSED storage concept shows major heat losses from the sorption store. Therefore, very good thermal 
insulation of the material store is necessary in order to make use of the sensible heat storage capacity of the 
TCES store. 
 The OPEN storage concept has heat losses due to hot air leaving the reactor during desorption and due to hot and 
dry material that cools down to ambient conditions in the material reservoir. 
 No thermal insulation for the material reservoir is required in the OPEN storage concept. 
 Due to the use of an external reactor capacity and power are decoupled in the OPEN storage concept. This leads 
to very good scaling possibilities of the system concept; in design as well as with regard to the numerical model. 
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The simulation results of the open and the closed storage concept are similar and much better compared to 
conventional water stores of the same size. Doubling the storage volume of a water store based system increases the 
fractional thermal energy savings just slightly (compare Fig 3) as the greatest influence has the size of the collector 
array. 
Looking at the TCES systems using as TCM zeolite 13 XBF a doubling in storage volume increases the 
fractional thermal energy savings significantly. A complete solar coverage can be achieved with moderate collector 
array and store sizes. 
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